Chlorogenic acid (CQA) is one of the major polyphenols in apple and a good substrate for the polyphenol oxidase (PPO) in apple. Apple contains catechins as well as CQA, and the role of CQA quinone and its interaction with catechins in the enzymatic browning of apple were examined. Browning was repressed and 2-cysteinyl-CQA was formed when cysteine was added to apple juice. CQA quinone was essential for browning to occur. Although catechins and CQA were oxidized by PPO, some catechins seemed to be non-enzymatically oxidized by CQA quinone.
The juice formed when apple is crushed or homogenized immediately turns brown, this being a typical example of enzymatic browning. 1) Apples contain such polyphenols as chlorogenic acid (CQA) and catechins in vacuoles, while polyphenol oxidase (PPO) is present in plastids. 2, 3) Polyphenols and PPO come into contact when this compartmentation is broken, resulting in oxidation of the polyphenols to the corresponding quinones by the action of PPO (EC 1.10.3.1) 4) in the presence of oxygen. The quinones formed are automatically polymerized to form a brown polymer ( Fig. 1) .
CQA is the major polyphenol in apples 5) and is a good substrate for apple PPO. 6) Substantial progress has recently been made in molecular biological studies on PPO 7) and our group has also cloned the apple PPO gene. 8) It is essential to regulate PPO activity to control the browning, and we repressed the expression of PPO to control enzymatic browning. 9, 10) CQA is the major polyphenol in apples and a good substrate for apple PPO, and it was considered that CQA quinone would be easily formed in juice or on the cut surface of apple and constitute the major intermediate compound for the apple browning. However, the presence of CQA quinone in apple juice had not been clearly shown, nor had the interaction between CQA quinone and polyphenols been examined. The detailed mechanism for the formation of a brown polymer from quinone, and the properties of this brown polymer were also unclear, although we had recently chemically prepared CQA quinone and examined some of its properties. 11) L-Cysteine added to a CQA quinone solution resulted in the yellow color of the solution immediately disappearing and 5-cysteinyl-CQA being formed ( Fig. 1 ). 11) We first examine the effect of adding cysteine to apple juice to clarify the role of CQA quinone in the enzymatic browning of apple. We then show the non-enzymatic interaction between CQA quinone and catechins in apple juice.
Materials and Methods
Materials. Mature apples (Malus Â domestia cv. Fuji) were purchased from a local market (Tokyo).
Preparation of the apple juice. A peeled and cored apple flesh was cut into several pieces and homogenized for 30 s in the same weight of RO water (Nihon Millipore, Tokyo, Japan) by a juicer. The obtained juice (50% apple juice) was stirred at room temperature. A solution of 2.5 mL of 8% metaphosphoric acid and 2.5 mL of RO water was added to 5.0 mL of 50% apple juice after 5, 10, 30, 60, and 120 min. A metaphosphoric acid solution was added as a control at homogenization (0 min). After filtering through four sheets of gauze and centrifuging at 10;000 Â g for 10 min, each UV-visible spectrum was measured by a U-3310 spectrophotometer (Hitachi, Tokyo, Japan).
Addition of L-Cys and analysis of 2-cysteinyl-CQA. After 2.5 mL of a 0.65 M L-cysteine solution or RO water had been added to 5.0 mL of 50% apple juice, the mixture was incubated at room temperature. A 2.5 mL solution of 8% metaphosphoric acid was added to the juice to stop the enzymatic reaction, before the UV-visible spectrum and 2-cysteinyl-CQA were measured. 2-Cysteinyl-CQA was analyzed by HPLC under the following conditions: pump, L-6320 (Hitachi, Tokyo, Japan); column, Senshu Pak Pegasil ODS (i.d. 4:6 mm Â 250 mm; Senshu Science, Tokyo, Japan); detection at 220-400 nm (325 nm for quantification) by an L-4500 diode array detector (Hitachi, Tokyo, Japan); flow rate, 1.0 mL/min; eluent, 5% acetic acid:CH 3 CN (96:4) for 5 min, and 5% acetic acid:CH 3 CN from 96:4 to 60:40 for 40 min. 2-Cysteinyl-CQA 11) was eluted at the retention time of 15.0 min. L-Cysteine was added to apple juice during incubation to examine the effect of incubation time on its addition. A 2.5 mL solution of 8% metaphosphoric acid and a 2.5 mL solution of 0.65 M L-cysteine or RO water were added to 5.0 mL of 50% apple juice 5, 10, 30, 60, and 120 min before the UV-visible spectrum was measured.
Measurements of total phenolics, CQA, (þ)-catechin, and (À)epicatechin. The same weight of 8% metaphosphoric acid and double weight of methanol were added to 50% apple juice, and the mixture stirred for 10 min, before being separated into the filtrate and the residue by filtration. MeOH was added to the residue, and the phenolics were extracted. This procedure was repeated once more. The combined filtrates were concentrated in vacuo, before the phenolics were transferred to ethyl acetate. The ethyl acetate layer was concentrated in vacuo and then dissolved in MeOH. Total phenolics were estimated by the Folin-Denis method, CQA being used as a standard. CQA, (þ)catechin, and (À)-epicatechin were determined by HPLC under the following conditions: pump, L-6320 (Hitachi, Tokyo, Japan); column, y To whom correspondence should be addressed. Tel: +81-3-5978-5753; Fax: +81-3-5978-5755; E-mail: murata.masatsune@ocha.ac.jp Abbreviations: CQA, chlorogenic acid; PPO, polyphenol oxidase Mightysil RP-18 GP (i.d. 6:0 mm Â 250 mm; Kanto Chemical, Tokyo, Japan); detection at 280 nm for (þ)-catechin and (À)-epicatechin, and at 325 nm for CQA; detector, L-4500 diode array detector (Hitachi, Tokyo, Japan); flow rate, 1.0 mL/min; eluent, 5% acetic acid:CH 3 CN (96:4) for 5 min, and then 5% acetic acid:CH 3 CN from 96:4 to 60:40 for 25 min. (þ)-Catechin, CQA, and (À)-epicatechin were eluted at respective retention times of 17.5 min, 18.8 min, and 21.5 min.
PPO preparation. PPO was prepared as previously described 12) with some modifications. An apple was sliced, cored, and homogenized with a mixer for 30 s in a 0.1 M Na/K phosphate buffer (pH 7.2) containing 0.4 M sucrose and 0.01 M ascorbic acid. The homogenate was filtered through four sheets of gauze, and the filtrate was centrifuged at 500 Â g for 30 min. The resulting precipitate was suspended in a 10-fold volume of a 0.01 M phosphate buffer (pH 7.2) containing 3% Triton X-100, and the suspension sonicated for 40 s. The supernatant obtained by centrifugation at 18;000 Â g for 10 min was applied to a column of DEAE-Toyopearl 650M (Tosoh Co., Tokyo, Japan) that had been equilibrated with a 0.01 M phosphate buffer. The PPO protein was eluted with a 0.2 M phosphate buffer and further fractionated by ammonium sulfate. The precipitate obtained by 55-85% saturated ammonium sulfate was dialyzed against a 0.02 M phosphate buffer. PPO activity was assayed by the spectrophotometric method after each step of preparation. The enzyme solution (about 3 mL from an apple) was frozen and stored at À20 C.
PPO assay. The PPO activity was measured by both the spectrophotometric method at 320 nm to detect the decrease in CQA 13) and by the oxygen electrode method. 6) The reaction mixture consisted of 0.8 mL of a McIlvaine buffer (pH 4.0), 0.1 mL of an enzyme solution, and 0.1 mL of a substrate solution. The spectrophotometric method was used for enzyme preparation because of its easiness. The oxygen electrode method was used for evaluating the K m and V max values for various substrates of polyphenols, because it did not depend on the polyphenols used.
Model solution of apple juice. A McIlvaine buffer (pH 4.0) containing 40 mg/mL of CQA, 5 mg/mL of (þ)-catechin, 5 mg/mL of (À)-epicatechin and 0.8 U/mL of apple PPO was used as a model solution of 50% apple juice. This model solution (1.0 mL) was incubated at 30 C for 10 min. A 0.2 mL solution of 8% metaphosphoric acid solution was added to 0.2 mL of the reaction mixture after 2, 5, and 10 min to stop the enzymatic reaction, and the remaining polyphenols were determined by HPLC as already described.
Results and Discussion

Effect of cysteine on the browning of apple juice
The spectral change in the apple juice was first examined. As shown in Fig. 2 , the absorption maxima at 280 nm and 325 nm decreased and the absorbance at 400 nm increased. No specific absorption maximum in the visible region was apparent. As CQA and catechins ((þ)-catechin and (À)-epicatechin) show their respective absorption maxima at 325 nm and 280 nm, these decreases indicate that the CQA and catechin polyphenols were oxidized during browning by PPO and decreased.
It has been reported that L-cysteine added to a CQA quinone solution resulted in the yellow color of the solution immediately disappearing and 5-cysteinyl-CQA being formed. 11) The effect of L-cysteine on the enzymatic browning of apple juice was therefore examined. L-Cysteine added to apple juice repressed Apple juice (50%) was incubated at room temperature and its absorbance from 240 to 500 nm was measured during incubation. The absorbance at 280 nm and 325 nm is expressed as a percentage of the initial absorbance (A 280 ¼ 4:58 and A 325 ¼ 3:50), while that at 400 nm is expressed as a percentage of the absorbance after 60 min of incubation (0.398). the browning by 20-30% of the control value (Fig. 3A) , and 2-cysteinyl-CQA was detected by an HPLC analysis ( Fig. 4) , showing that such polyphenol quinones as CQA quinone and catechin quinone played an essential role in the enzymatic browning of apple. L-Cysteine added to the juice during incubation resulted in a partial decrease in browning during 10 min, but no such decrease was apparent with longer incubation time (Fig. 3B ). This shows that the formed quinones were very reactive and immediately polymerized to form a brown pigment. The formed pigment seemed not to have the partial structure of quinone, because there was no reduction in discoloration by L-cysteine. The amount of formed 2-cysteinyl-CQA reached the maximum by 10 min, after which it rapidly decreased (Fig. 4) . These results suggest that the 2-cysteinyl-CQA was further oxidized or polymerized in apple juice, although the formed polymers had a weaker color.
Interaction between CQA quinone and catechins
The decrease in CQA, (À)-epicatechin, and (þ)catechin during browning of apple juice was examined by HPLC. As shown in Table 1 , phenolics and polyphenols decreased by 60-80% after 5 min of incubation and by 80-90% after 10 min of incubation, and (þ)catechin decreased significantly more rapidly than CQA up to 5 min of incubation. However, CQA is well-known to be a better substrate for apple PPO than catechins. 5) We estimated the K m and V max values for apple PPO at pH 4.0 by the oxygen electrode method. Table 2 shows the K m and V max values for CQA, (þ)-catechin, and (À)epicatechin. The K m value for CQA was the least, and the V max value for CQA was the most, indicating CQA to be the best substrate among the three major polyphenols in apple. The values for these kinetic parameters did not correspond to the order for the rate of decrease of each polyphenol in apple juice.
The rates of decrease of CQA, (þ)-catechin, and (À)epicatechin were compared in a model solution to clarify this inconsistency. Each polyphenol incubated with apple PPO in a buffer at pH 4.0 resulted in the rate of decrease of CQA being the most and that of (À)-epicatechin being the least (Table 3 ). This result corresponds to the K m and V max values for CQA and catechins. On the other hand, when CQA, (þ)-catechin, and (À)-epicatechin were mixed and incubated with apple PPO, the rate of decrease of CQA significantly declined and that of both (þ)catechin and (À)-epicatechin increased. Catechins decreased more rapidly than CQA in this mixed solution and could not be detected 10 min after incubation. This pattern of decrease for the mixed solution corresponds to that of the polyphenols in apple juice.
These results strongly suggest that chemical interaction between CQA quinone and catechins occurred. Although we cannot completely discount the effect of other than PPO enzymatic activities on the results as we used a partially purified enzyme, there is no report of polyphenol quinones becoming a substrate for an enzyme. CQA quinone would be enzymatically formed with Added L-Cysteine. L-Cysteine was added to apple juice at 0 min. 2-Cysteinyl-CQA was determined by HPLC and its amount is expressed as a percentage of the maximal value. Role of Chlorogenic Acid Quinone in Enzymatic Browning of Apple more rapidly than catechin quinones, because CQA is a better substrate for apple PPO than (þ)-catechin and (À)-epicatechin. However, the rate of decrease of CQA was decelerated in the presence of catechins, while the rate of decrease of catechins was accelerated in the presence of CQA. This suggests that the formed CQA-Q oxidized catechins non-enzymatically and that CQA was partly reproduced again from CQA-Q (Fig. 5 ). The interactions of caftaric acid quinone 14) and caffeic acid quinone 15) with anthocyanins have respectively been proposed in the investigations on wine making and the browning of blue berries. Our results support these proposition.
The decreasing amount of polyphenols in apple juice and in a model solution was plotted (Fig. 6 ). There was no relationship between the decreasing amount of CQA, (þ)-catechin, or (À)-epicatechin in apple juice and that of a model solution containing each polyphenol. On the other hand, a clear relationship between the decreasing amounts of CQA, (þ)-catechin, and (À)-epicatechin in apple juice and those in a mixed model solution containing the three polyphenols was apparent. This result supports the foregoing suppositions.
In conclusion, CQA quinone played an essential role in the enzymatic browning of apple juice. (þ)-Catechin and (À) epicatechin were more rapidly decreased than CQA in the enzymatic browning of apple juice, suggesting that the catechins were partly oxidized non-enzymatically by CQA quinone. Model solutions containing apple PPO and each polyphenol or all three polyphenols were incubated at 30 C for 10 min. Each polyphenol was determined by the HPLC method after 0, 2, 5, and 10 min of incubation. Different letters in the same column show significant differences (n ¼ 3, p < 0:05).
